Abstract While the benefits of robotic surgery for the patient have been relatively well established, little is known about the benefits for the surgeon. This study examined whether the advantages of robotically assisted laparoscopy (improved dexterity, a 3-dimensional view, reduction in tremors, etc.) enable the surgeon to better deal with stressful tasks. Subjective and objective (i.e. cardiovascular) responses to stress were assessed while surgeons performed on either a robotic or conventional laparoscopic system. Thirty-two surgeons were assigned to perform a surgical task on either a robotic system or a laparoscopic system, under three stress conditions. The surgeons completed self-report measures of stress before each condition. Furthermore, the surgeons' cardiovascular responses to stress were recorded prior to each condition. Finally, task performance was recorded throughout each condition. While both groups reported experiencing similar levels of stress, compared to the laparoscopic group, the robotic group displayed a more adaptive cardiovascular response to the stress conditions, reflecting a challenge state (i.e. higher blood flow and lower vascular resistance). Furthermore, despite no differences in completion time, the robotic group performed the tasks more accurately than the laparoscopic group across the stress conditions. These results highlight the benefits of using robotic technology during stressful situations. Specifically, the results show that stressful tasks can be performed more accurately with a robotic platform, and that surgeons' cardiovascular responses to stress are more favourable. Importantly, the 'challenge' cardiovascular response to stress displayed when using the robotic system has been associated with more positive long-term health outcomes in domains where stress is commonly experienced (e.g. lower cardiovascular disease risk).
workload [5, 6] , limited research has examined if robotic techniques are more beneficial during stressful surgical tasks than laparoscopic techniques.
The impact of stress on surgical performance has received increasing research interest [7] , with findings demonstrating that stressors such as time pressure and multi-tasking can cause laparoscopic tasks to be performed slower and with more errors [8, 9] . Despite recent research implying that surgeons experience less self-reported stress during tasks performed on a robotic rather than laparoscopic platform [10] [11] [12] , there is a lack of research using objective markers of stress. This is surprising given that objective measures such as cardiovascular responses allow stress to be recorded online continuously and covertly, making them impervious to the biases associated with selfreport measures (e.g. social desirability bias). One theory that outlines two specific cardiovascular responses to stress that can influence task performance is the biopsychosocial model (BPSM) of challenge and threat developed by Blascovich and colleagues [13, 14] .
According to the BPSM, a surgeon can respond to a stressful surgical task via a challenge state or a threat state [13, 15] . These states are characterized by different cardiovascular responses and can be assessed objectively. Specifically, while both states are associated with increases in heart rate, reflecting active engagement with the stressful task, a challenge state is accompanied by greater blood flow (i.e. higher cardiac output) and less resistance in the vasculature (i.e. lower total peripheral resistance) [13, 15] . This 'challenge' cardiovascular response is considered a more adaptive reaction to stress than the 'threat' response, as blood flow, and thus energy (glucose and free fatty acids) delivery to the brain and muscles, is greater (higher cardiac output) and less restricted (lower total peripheral resistance) [13, 15] . Importantly, recent research has demonstrated that a challenge state also results in better surgical performance than a threat state [16, 17] . Moreover, it has been suggested that when frequently experienced, a threat state can lead to deleterious health outcomes, including depression, cardiovascular disease, and cellular aging [18, 19] .
This study aimed to examine surgeons' cardiovascular responses to, and performance during, a surgical task performed either on a robotic system or a laparoscopic system, under three stressful conditions (time pressure, multitasking, and evaluative pressure). The suggested benefits of the robotic system (i.e. 3-dimensional field of view, improved dexterity, reduction in tremors, etc.) were predicted to result in surgeons assigned to the robotic system reporting less stress before all conditions. Furthermore, due to the purported benefits of the robotic system, the surgeons assigned to the robotic system were also hypothesized to display a 'challenge' cardiovascular response (i.e. higher blood flow and lower vascular resistance) before all stress conditions compared to surgeons allotted to the laparoscopic system. Finally, surgeons assigned to the robotic system were predicted to perform better (i.e. fewer errors and faster completion times) in all stress conditions compared to surgeons allocated to the laparoscopic system.
Methods Participants
Thirty-two, right-hand dominant, qualified, and trainee surgeons (24 qualified surgeons and 8 trainee surgeons; 27 male, 5 female; mean age = 39.91 years, SD = 8.96) participated in the study. On average, the surgeons had greater laparoscopic experience than robotic experience (mean number of procedures = 384.03, SD = 906.11 vs. 7.56, SD = 28.83). This information was gathered via a brief demographic questionnaire. All surgeons declared that they did not smoke, were free of illness or infection, had normal or corrected vision, had no known family history of cardiovascular or respiratory disease, had not performed vigorous exercise or ingested alcohol for 24 h prior to testing, and had not consumed food and/or caffeine for 1 h prior to testing. The study was approved by the institutional ethics committee and written informed consent was obtained from all surgeons before each individual testing session.
Surgical systems and task
A da Vinci Si robotic system (Intuitive Surgical Ltd., Sunnyvale, California) consisting of a control and viewing console and a moveable cart with three articulated robot arms was used in this study. The surgeon sat at the console and viewed a three-dimensional image of the scene while moving a handle that controlled a robotic arm fitted with a single laparoscopic instrument. A second arm was fitted with an endoscope, which the surgeons did not need to manipulate, because the task was always in full view. A 3-Dmed (3-Dmed, Franklin, OH) standard minimally invasive training system with a joystick SimScope (a manoeuvrable webcam) was also employed. The surgeon stood in front of the system and viewed the scene inside the system on a monitor (via a webcam) while manipulating a single laparoscopic instrument that was inserted through a single port. The task was also in full view on this system to ensure that surgeons did not need to manipulate the joystick at any stage.
A ball pick-and-drop task was completed on either the robotic system or the laparoscopic system. The task required the surgeons to move six foam balls from stems of varying heights into a cup, using a single instrument. The surgeons used their dominant hand to grasp the balls and drop them into the cup individually and in a pre-specified order. The surgeons were asked to complete the task as accurately (i.e. no dropped balls) and as fast as they could. Previous research has shown that this task can be used to improve laparoscopic skills [16, 17] . The experimental setup and task are displayed in Fig. 1 .
Procedure
After arriving at the laboratory, the surgeons read an information sheet and provided written informed consent before completing a brief demographic questionnaire regarding their age, job title, and prior laparoscopic and robotic experience. Following this, the surgeons were randomly assigned to one of the two surgical systems (robotic or laparoscopic group). Importantly, a between-subjects design was employed, as previous research has shown that cardiovascular responses can be attenuated by prior exposure to a stressful task [20] . Due to their participation in a prior experiment, all surgeons were familiar with performing the ball pick-and-drop task on each system. Next, the surgeons were fitted with an impedance cardiograph device (Physioflow, PF05L1, Manatec Biomedical, France). The surgeons then sat still and quietly while 3 min of baseline cardiovascular data was recorded. Subsequently, the surgeons received instructions regarding the time pressure condition and a further minute of cardiovascular data was recorded while they sat quietly and reflected upon these instructions and the upcoming task. The surgeons then completed the self-report questionnaire before performing one trial on the ball pick-and-drop task under time pressure conditions. This process was then repeated for both the multi-tasking and evaluative pressure conditions. Performance data were recorded continuously during each condition. Finally, the surgeons were debriefed and thanked while the impedance cardiograph device was removed.
Stress conditions
The three stress conditions included experimental manipulations adapted from previous research [8, 21, 22] . In the time pressure condition, the surgeons were instructed to complete the task in a faster time than they had managed in a previous experiment (as when a patient might suffer from complications). In the multi-tasking condition, the surgeons were informed to complete a concurrent secondary tone-counting task while performing the surgical task (to assess the degree to which surgeons can apply cognitive resources to other tasks). The tone-counting task required the surgeons to listen for a target sound (bell ring) and count the number of times it was played while ignoring three other distracting sounds (buzzer, ping, and tone). Participants were played a 30-s example of the sounds for familiarization purposes. Finally, in the evaluative pressure condition, the surgeons were informed that their performance on the next trial would be videotaped and compared against the surgeons who had already participated (via a published leader board). The surgeons were told that based on their performance to date, they would be placed in the bottom 30 % compared to these surgeons (non-contingent feedback).
Measures

Stress
Stress was assessed via the short version of the State-Trait Anxiety Inventory (STAI) [23] . The STAI consists of six items (e.g. I feel tense, I feel calm) that are rated on a fourpoint Likert scale anchored between not at all (=1) and very much (=4). A score was calculated by reversing the ratings for the positively framed items and then summing the ratings from all six items so that a higher score reflected greater stress (range [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . This measure has been used in previous research examining stress in surgery [8] .
Cardiovascular response
Cardiovascular data were recorded using an impedance cardiograph device (Physioflow, PF05L1, Manatec Biomedical, France) [24] . The Physioflow measures impedance changes in response to a high-frequency (75 kHz) and low-amperage (3.8 mA) electrical current emitted via electrodes. Following preparation of the skin, six spot electrodes (Blue Sensor R, Ambu, Ballerup, Denmark) were positioned on the thorax: two on the supraclavicular fossa of the left lateral aspect of the neck, two near the xiphisternum at the midpoint of the thoracic region of the spine, one on the middle of the sternum, and one on the rib closest to V6. After entering the surgeons' details (height, weight, etc.), the Physioflow was calibrated over 30 heart cycles while the surgeons sat still and quiet in an upright position. Three resting systolic and diastolic blood pressure values were taken (one prior to the 30 heart cycles, one during this time period, and another immediately after this time period) manually by a trained experimenter using an aneroid sphygmomanometer (ACCOSON, London, UK) and stethoscope (Master Classic II, Littmann, 3 M Health Care, St. Paul, USA). The mean blood pressure values were entered into the Physioflow to complete the calibration procedure. The surgeons' cardiovascular responses were estimated continuously during baseline (3 min) and post-instruction (1 min) time periods for each stress condition while the surgeons remained seated, still, and quiet. Heart rate, the number of times the heart beats per minute, was estimated directly by the Physioflow. Heart rate reactivity (the difference between the final minute of baseline and the minute post-instruction) was used to assess task engagement; with greater increases in heart rate reflecting greater task engagement, a pre-requisite for challenge and threat states [15] . Cardiac output, the amount of blood in litres pumped by the heart per minute, was estimated directly by the Physioflow. Furthermore, total peripheral resistance, a measure of net constriction versus dilation in the arterial system, was calculated using the formula: (mean arterial pressure 9 80/cardiac output) [25] . Mean arterial pressure was calculated using the formula: [(2 9 diastolic blood pressure) ? systolic blood pressure/3] [26] . Cardiac output and total peripheral resistance were used to differentiate challenge and threat states, with a challenge state characterized by higher cardiac output and lower total peripheral resistance [15] .
Surgical task and tone-counting performance
Performance on the ball pick-and-drop task was assessed in terms of the number of errors made during each trial (number of balls dropped and/or knocked off) and time taken to complete each trial [27] . Additionally, tonecounting performance in the multi-tasking condition was assessed by calculating an error score (participants' estimate of the number of target tones played during the task minus the actual number of target tones played) [22] .
Statistical analyses
Dependent t tests were conducted on the heart rate reactivity data to establish that the surgeons displayed increases in heart rate from baseline and were thus actively engaged in the stress conditions (reactivity greater than zero) [28] . To differentiate challenge and threat states, an index was created by converting each surgeons' cardiac output and total peripheral resistance residualized change scores into z-scores and summing them. Cardiac output was assigned a weight of ?1 and total peripheral resistance a weight of -1, such that a larger value corresponded with greater challenge [28] . To compare the groups across the three stress conditions, two (group: robotic vs. laparoscopic) 9 3 (condition: time pressure, multi-tasking, evaluative pressure) mixed design ANOVAs with follow-up least significant difference (LSD) post hoc t tests were conducted on the challenge and threat index data.
These ANOVAs were also conducted on the STAI, number of errors, and completion time data. In addition, the tone-counting error data were subject to an independent t test. Finally, to establish that any between-group differences were not due to differences in the age or the number of laparoscopic and robotic procedures performed by the surgeons previously, independent t tests were conducted on this data. Partial eta-squared (g p 2 ) and Cohen's d were used to calculate effect sizes.
Results
Demographics
The results indicated no differences between the robotic and laparoscopic groups in terms of age (mean = 39.56 years, SD = 8. . Thus, the randomization process was effective and any subsequent between-group differences can be attributed to the different surgical systems.
Stress
The ANOVA on the STAI data revealed no main effects for Group (F(1, 30) = 1.58, p = 0.218, g p 2 = 0.05) or Condition (F(2, 60) = 2.70, p = 0.075, g p 2 = 0.08) and no interaction effect (F(2, 60) = 1.15, p = 0.323, g p 2 = 0.04). Thus, both groups experienced similar levels of stress across the three conditions. The stress data are presented in Table 1 .
Cardiovascular response
The results revealed that on average, all surgeons displayed an increase in heart rate before the time pressure The ANOVA on the challenge and threat index data yielded a main effect for Group (F(1, 30) = 8.75, p = 0.006, g p 2 = 0.23), but no main effect for Condition (F(2, 60) = 0, p = 1, g p 2 = 0.00), and no interaction effect (F(2, 60) = 0.11, p = 0.894, g p 2 = 0.00). Follow-up analyses revealed that the robotic group exhibited a higher index value (reflecting a 'challenge' cardiovascular response) than the laparoscopic group across the stress conditions (p = 0.006). The challenge and threat index data are presented in Table 1 .
Surgical task and tone-counting performance
The ANOVA on the number of errors data revealed main effects for Group (F(1, 30) = 5.50, p = 0.026, g p 2 = 0.16) and Condition (F(2, 60) = 3.36, p = 0.041, g p 2 = 0.10), but no interaction effect (F(2, 60) = 0.35, p = 0.705, g p 2 = 0.01). Follow-up analyses indicated that the robotic group made fewer errors across the conditions than the laparoscopic group (p = 0.026). Moreover, these analyses indicated that both groups made more errors in the evaluative pressure condition compared to the time pressure condition (p = 0.023). There were no differences between the other conditions (all ps [ 0.129). The number of errors data is presented in Table 1 .
The ANOVA on the completion time data revealed no main effect for Group (F(1, 30) = 1.30, p = 0.263, g p 2 = 0.04) and no interaction effect (F(2, 60) = 1.61, p = 0.208, g p 2 = 0.05). However, there was a main effect for Condition (F(2, 60) = 6.80, p = 0.002, g p 2 = 0.19). Follow-up analyses indicated that both groups performed the task more quickly during the evaluative pressure condition than the time pressure (p = 0.001) and multi-tasking (p = 0.016) conditions. The completion time data are presented in Table 1 .
In addition to performing the task more accurately in the multi-tasking condition, an independent t test indicated that the robotic group made fewer errors than the laparoscopic group during the secondary tone-counting task (mean = 0.19, SD = 0.75 vs. mean = 0.50, SD = 0.52). However, although this difference equated to a medium effect size, it was not statistically significant (t(30) = 1.37, p = 0.180, d = 0.50).
Discussion
Despite clinical studies generally highlighting the benefits of robotic versus laparoscopic surgery for the patient [2] , little research has examined precisely how robotic technology benefits the surgeon. While the poor precision and ergonomics of laparoscopy may exacerbate stress, the improved vision and dexterity associated with robotic technology might help surgeons cope better with stress [3, 4] . Although robotic techniques have been associated with better training task performance and less workload than laparoscopic techniques [5, 6] , limited research has examined if robotic techniques are more beneficial during stressful surgical tasks. Thus, the present study aimed to explore surgeons' cardiovascular responses to, and performance during, a surgical task performed either on a robotic or laparoscopic platform under three stress conditions (time pressure, multi-tasking, and evaluative pressure).
The robotic and laparoscopic groups reported comparable levels of stress, in contrast to our hypothesis and previous research that has demonstrated that robotic technology is associated with less self-reported stress than laparoscopic technology [10] [11] [12] . For example, Klein and colleagues found that experienced surgeons who had performed an average of 533 laparoscopic and 225 robotic procedures reported less stress when performing a peg transfer task on a robotic rather than laparoscopic system [11] . However, it should be noted that the disparity in laparoscopic and robotic experience was far greater in the surgeons recruited in the present study (average of 384 laparoscopic and 8 robotic procedures), and this lack of familiarity with the robotic platform may have led the surgeons to report greater stress levels than those found in previous research. In addition, similar levels of stress were reported across the time pressure, multi-tasking, and evaluative pressure conditions. This is inconsistent with previous research that has suggested time pressure may be more stressful than evaluative pressure in laparoscopic surgery [8] .
The surgeons' cardiovascular responses did not vary across the stress conditions. However, while all surgeons displayed an increase in heart rate before each stress condition, indicating that they were actively engaged in the stressful conditions, the surgeons using the robotic system exhibited a more adaptive cardiovascular response. Specifically, in comparison to the laparoscopic group, the robotic group repeatedly displayed a cardiovascular response more reflective of a challenge state consisting of greater blood flow (i.e. higher cardiac output) and less vascular resistance (i.e. lower total peripheral resistance). Importantly, this 'challenge' cardiovascular response has been linked with better health outcomes when commonly experienced, compared to the 'threat' cardiovascular response (e.g. lower depression and hypertension risk) [18, 19] . Robotic technology may therefore also have benefits in terms of surgeons' long-term mental and physical health, an important consideration given recent concerns regarding surgeons' elevated suicide risk and reduced life expectancy [29, 30] . In addition, when compared to the 'threat' cardiovascular response, the 'challenge' cardiovascular response has been shown to predict superior motor performance in stressful environments [31] .
As expected, the robotic group outperformed the laparoscopic group across the stress conditions, making fewer errors on the task. This may have been due to the proposed benefits of robotic technology (3-dimensional field of view, improved dexterity, etc.) and supports previous research that has identified that surgeons make fewer errors when performing training and stressful tasks on a robotic rather than laparoscopic system [5, 6, 11] . This finding is particularly interesting given the limited robotic experience of the participating surgeons. Indeed, previous research has shown that surgeons with vast laparoscopic experience and limited robotic experience often make more errors when utilizing robotic compared to laparoscopic systems [6] . Interestingly, despite no differences between the other conditions, all surgeons made more errors during the evaluative pressure condition than the time pressure condition. This suggests that evaluative pressure is a stressor that can influence both robotic and laparoscopic performance: a finding that contrasts previous research showing that multi-tasking has the largest influence on laparoscopic performance [8] .
As well as making fewer errors on the surgical task during the multi-tasking condition, the robotic group also made fewer errors than the laparoscopic group during the secondary tone-counting task. Although this difference was not statistically significant, it did equate to a medium effect size. Consequently, it appears that the surgeons using the robotic system had more cognitive resources to apply to the secondary task than surgeons using the laparoscopic system. Spare resources might be a consequence of lower cognitive workload required to perform surgical tasks on the robotic platform than the laparoscopic platform [5, 6] . In the operating room, these extra cognitive resources could be used to more effectively deal with other demands, such as decision-making and communication, or to better cope with the many noises and distractions that are often encountered [32] . Such issues would be interesting to examine in future research.
Contrary to our hypothesis, the robotic and laparoscopic groups did not differ in terms of completion time across the stress conditions. This is inconsistent with previous research that has shown that surgeons complete various training tasks more quickly using a robotic rather than laparoscopic device [5, 6, 11] . However, it is worth noting that Lee and colleagues found that surgeons with considerably more laparoscopic than robotic experience performed tasks slower on a robotic compared to laparoscopic system [6] . Thus, our results are the first to show that surgeons can perform simple training tasks under stressful conditions in a similar time frame on both platforms despite having far greater laparoscopic experience. In addition, the surgeons performed the task faster in the evaluative pressure condition than the time pressure and multi-tasking conditions. This finding is likely caused by a learning effect as the order of the stress conditions was fixed and not counterbalanced (time pressure ? multitasking ? evaluative pressure), a potential limitation of the present study.
Another possible limitation of the present study was that a between-subjects design was employed rather than a within-subjects design (i.e. with surgeons' performing the task on both systems under each stress condition). However, given that prior exposure to a stressful task has been shown to attenuate self-report and cardiovascular responses to stress [20] , it was feared that a within-subjects design would reduce the effectiveness of the stress manipulations and the quality of the cardiovascular data, making it difficult to draw meaningful conclusions. It remains for future work to replicate the findings of the present study using different research designs (e.g. longitudinal). Finally, another potential limitation is the relatively simple task used. However, it is likely that the benefits found in the present study will be even greater during more complex tasks (e.g. intracorporeal suturing) and in the operating room. Indeed, this would be an interesting avenue for future research.
To conclude, the findings highlight the benefits of using robotic technology during stressful surgical tasks. Specifically, the results show that stressful tasks can be performed more accurately with a robotic platform than a laparoscopic platform. Furthermore, surgeons' cardiovascular responses are more favourable when stressful tasks are completed using a robotic rather than laparoscopic system. Importantly, the 'challenge' cardiovascular response displayed by the surgeons when using the robotic system has been associated with more positive long-term health outcomes when frequently experienced (e.g. lower cardiovascular disease risk). Interestingly, these results emerged despite the surgeons in the present study having considerably less experience with robotic technology than laparoscopic technology. Informed consent statement All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients before being included in the study.
